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[1] The subtropical convective boundary layer (CBL) plays a critical role in climate by
regulating the vertical exchange of moisture, energy, trace gases, and pollutants between the
ocean surface and free troposphere. Yet bulk features of this exchange are poorly
constrained in climate models. To improve our understanding of moisture transport between
the boundary layer and free troposphere, paired measurements of water vapor mixing ratio
and the stable isotope ratio 18O/16O are used to evaluate moist convective mixing and
entrainment processes near the Big Island of Hawaii. Profile data from the island’s east side
are consistent with moist adiabatic processes below the trade wind temperature inversion. In
contrast, profiles on the west side follow moist adiabatic lapse rates within discrete stable
layers, suggesting moist convection sets the humidity structure of even the unsaturated
regions around the island. Above the trade wind inversion, the transition from well-mixed
boundary layer to free troposphere is characterized by a simple mixing line analysis, so long
as the thermodynamic properties of the air mass at CBL top are known. Deviations from the
mixing line identify thermodynamic boundaries in the atmospheric profile, which can
persist from one day to the next. These findings indicate residual layers form during strong
mixing events and regulate vertical moisture transport for multiple days at a time. Basic
assumptions that synoptic-scale transport controls isotope ratios at CBL top are therefore
not sufficient for describing moisture exchange between the boundary layer and free
troposphere in the subtropics.
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1. Introduction

[2] The trade wind temperature inversion in the subtropics
separates air masses representing two hydrological extremes:
the moist marine boundary layer below and the dry free tro-
posphere above. Shallow convection transports boundary
layer moisture across the inversion, while boundary layer
growth simultaneously entrains warm and dry free tropo-
spheric air. Since these mechanisms regulate the vertical
transport of energy, moisture, trace gases, and pollutants,
they play a significant role in climate. Yet while numerous
laboratory [Deardorff et al., 1980], observational [Nelson
et al., 1989; Lenschow et al., 1999; Bretherton et al., 1995;
Faloona et al., 2005; Träumner et al., 2011], and modeling
[Sullivan et al., 1998; Brooks and Fowler, 2012] studies have
investigated shallow convection and entrainment and their

role in transporting material vertically, simulated climates re-
main sensitive to the choice of model parameterization
[Ayotte et al., 1996; Stevens, 2002; Hu et al., 2010]. Such
sensitivities suggest bulk features of vertical moisture
exchange are still not fully understood. To improve our un-
derstanding of moisture transport processes in the subtropics,
this paper uses conserved variables to evaluate bulk mixing
properties associated with the entrainment region near the
top of the convective boundary layer (CBL). Our findings
suggest the transition from boundary layer to free tropo-
sphere is well characterized as a simple mixing problem so
long as the thermodynamic properties of the air mass at
CBL top are known.
[3] Conserved variable analyses provide a means to de-

scribe complex exchange processes in terms of a simple
mixing problem. Betts and Albrecht [1987] introduced a
mixing line analysis to characterize shallow convective de-
trainment and entrainment in the CBL using a conserved var-
iable diagram of total water mixing ratio (qT) and equivalent
potential temperature (θE). In their approach, warm and moist
tropical air from the well-mixed region of the boundary layer
(i.e., the mixed layer) is represented by high qT and high θE.
Deep convection, which transports mixed layer air upward
via pseudoadiabatic motions, conserves θE but reduces qT
by precipitation. Subsequent radiative cooling in the free tro-
posphere decreases θE but conserves qT. In tandem, these
processes establish the low qT, low θE values characteristic
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of air masses found at the top of the CBL. This free tropo-
spheric air then mixes back into the boundary layer through
entrainment, forming a transition layer characterized by a di-
agonal mixing line in qT–θE space. Betts and Albrecht [1987]
argued that the thermodynamic properties of the air mass at
CBL top are particularly important in shaping the slope of
this mixing line; however, their choice of tracers permitted
only a cursory analysis of the origin of the dry end-member
air mass.
[4] The present study revisits the conserved variable anal-

ysis of the CBL in order to evaluate bulk thermodynamic fea-
tures of the transition layer and identify sources of moisture
to the air masses that bookend it. In contrast with Betts and
Albrecht’s [1987] work, the present analysis exploits stable
isotope ratios in water as a tracer capable of distinguishing
cloud processes and clear sky mixing. Because of saturation
vapor pressure differences between heavy and light
isotopologues, water vapor becomes depleted in isotopically
heavy molecules during condensation and precipitation
[Bigeleisen, 1961; Dansgaard, 1964]. As a result, stable iso-
tope ratios in water help identify processes that moisten and
dehydrate the atmosphere [Worden et al., 2007; Noone,
2012] and distinguish air masses by their integrated conden-
sation histories [Gat, 1996].
[5] Various studies have used vapor isotope ratios to eval-

uate moist convective and mixing processes at multiple
heights in the atmosphere. The departure of observed and
simulated isotopic profiles from pseudoadiabatic models,
for instance, suggests a role for lofting of frozen condensate
by deep convection in moistening the upper troposphere
[Nassar et al., 2007; Bony et al., 2008; Blossey et al., 2010;
Sayres et al., 2010]. Gedzelman [1988] used isotope ratios
in the lower and mid-free troposphere to distinguish air
masses that had risen moist adiabatically but experienced dif-
ferent degrees of rainout and/or turbulent mixing. He also hy-
pothesized that under certain advective conditions, free
tropospheric air masses conserve their isotopic composition,
providing a robust tracer of atmospheric motions. This find-
ing has since been supported by large-scale advection models
that reproduce, to first order, the isotope ratios observed in
the subtropical free troposphere near Hawaii [Galewsky
et al., 2007; Hurley et al., 2012]. In addition, He and Smith
[1999] characterized moisture transport between the land sur-
face and free atmosphere by pairing measurements of humid-
ity and the stable isotope ratio in a simple mixing model.
[6] That isotope ratios distinguish air masses by their

condensation histories and differentiate amongst moist
convective and mixing processes enables the testing of
several hypotheses regarding vertical moisture exchange
in the subtropical CBL. We consider whether (1) the iso-
topic profile of the saturated mixed layer follows the
Rayleigh distillation model predicted for pseudoadiabatic
ascent, (2) the transition between mixed layer and free tro-
posphere is accurately represented by a simple mixing pro-
cess in terms of conserved isotopic variables, and (3) the
top of the CBL is composed of free tropospheric air
whose variations in isotope ratio are consistent with syn-
optic-scale transport. The desire to determine which pro-
cesses control the isotopic composition of the air mass at
CBL top builds on the expectation of Betts and Albrecht
[1987] that this air mass critically influences mixing
between the boundary layer and free troposphere.

[7] Vertical profile measurements of the water vapor
mixing ratio (q) and the stable isotope ratio 18O/16O were
made on the Big Island of Hawaii, 6–9 May 2010. Because
of its remote Pacific setting and large vertical gain (~4200 m),
the upper flanks of both Mauna Loa and Mauna Kea are ex-
posed to free tropospheric air, while temperature and mois-
ture at the island’s lower elevations are typical of the
subtropical marine boundary layer. This unique geographical
and topographical setting makes it possible to sample the
transition layer with high frequency and high spatial resolu-
tion using ground-based instrumentation [Mendonca and
Iwaoka, 1969].

2. Methods

2.1. Instrumentation and Configuration
of Sampling Platform

[8] Measurements of the water vapor mixing ratio (q), the
oxygen and hydrogen isotope ratios, temperature, and submi-
cron aerosol number size distributions were made during 6–9
May 2010 on the Big Island of Hawaii. Observed isotope ra-
tios (obs) are reported in the δ notation relative to Vienna
Standard Mean Ocean Water (std):

δD ¼ D=Hobs

D=Hstd
� 1

� �
� 1000 (1)

δ18O ¼
18O=16Oobs

18O=16Ostd

� 1

 !
� 1000 (2)

[9] Vertical profiles were obtained by driving from sea
level to either the summit of Mauna Kea (~4200 m) or the
Mauna Loa Observatory (~3400 m). Both the eastern and
western sides of the island were profiled (Figure 1). Up to
four profiles were driven each day, resulting in 12 profiles to-
tal. Because of nighttime driving restrictions near the astro-
nomical observatory on Mauna Kea, 2 of the 12 profiles did
not extend past the Mauna Kea Visitor Information Station
(~2800 m). In addition, the last two profiles did not sample
below the “Saddle,” the height of land on Route 200, com-
monly called Saddle Road (~2000 m).
[10] The mixing ratio and isotope ratios were measured at

10 s frequency with a Picarro analyzer (the same instrument
as Noone et al. [2013]), which uses cavity-enhanced tunable
diode laser absorption spectroscopy (Picarro model 1115-i
[Gupta et al., 2009]). Submicron aerosol was measured across
99 diameter ranges spanning 55–1000 nm using a Particle
Metrics Ultra-High Sensitivity Aerosol Spectrometer
(UHSAS, now sold by Droplet Measurement Technologies,
Boulder, CO) [Yokelson et al., 2007; Cai et al., 2008].
Measurements of submicron aerosol number and size distribu-
tions were used to differentiate boundary layer and free tropo-
spheric air masses and to assist in identification of cloud
processes. Vehicle position and altitude were tracked with a
Global Positioning System (GPS, Garmin model 60C). The
Picarro and UHSAS were positioned inside the cab of a truck,
and a 0.25 inch copper tube was strung through the rear pas-
senger-side window for an inlet line. This line was nested in-
side a 1 inch schedule 80 polyvinylchloride (PVC) pipe,
which was attached to the side of the vehicle to straighten
the flow and reduce turbulence near the inlet. The inlet tip
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was angled backward to prevent rain drops and large debris
from entering. Based on the pumping rate of the instruments,
the flushing time of the inlet system was about 1 minute.
(The elevation is not corrected for this time lag since the value
is on the order of a few tens of meters, smaller than the error in
the GPS-reported altitude.) A temperature probe was posi-
tioned within a second PVC pipe so that it was shielded from
direct solar radiation. In addition, a LiCOR 7000 carbon diox-
ide and water vapor analyzer was operated to identify and ex-
clude measurements affected by the exhaust of the truck and
other vehicles on the road. The LiCOR measurements are
not used otherwise or reported explicitly in this study.
[11] In practice, the Picarro instrument measures the total

of all moisture, including small cloud droplets that evaporate
within the sampling system. Consequently, the Picarro vapor
mixing ratio measurements (q) should be nearly equivalent to
the qT measurements used by Betts and Albrecht [1987]. If
the backward-facing inlet did reject some large cloud drop-
lets, such a possibility does not critically change interpreta-
tion of the measurement. Indeed, Albrecht et al. [1979]
suggested q is a reasonable approximation for qT in con-
served variable studies and much of the focus of this study
is the unsaturated transition layer, where q and qT are equal.
Samples taken in rain and cloud are nevertheless flagged in
the analysis for further discussion.

2.2. Isotopic Calibrations

[12] The isotopic measurements were calibrated to the
Standard Mean Ocean Water–Standard Light Antarctic
Precipitation (SMOW-SLAP) absolute isotopic scale
[Coplen, 1994] using five secondary standards: Florida tap wa-
ter; Boulder, Colorado tap water; water from West Antarctic
Ice Sheet snow; water from Greenland snow; and water from

surface snow from the Vostok drilling site in Antarctica. The
isotopic values of these waters are shown in δ notation in
Table 1. These secondary standards had been calibrated
against International Atomic Energy Agency primary refer-
ence material on the University of Colorado Stable Isotope
Laboratory’s Isotope Ratio Mass Spectrometer (B. Vaughn,
personal communication, 2010).
[13] Prior to field deployment, the secondary standards

were measured on the vapor isotopic analyzer. A LEAP
Technologies PAL (Prep and Load) autosampler was used
to inject each standard by syringe into a Picarro vaporization
module, which flash evaporated the liquid injection before
delivery to the Picarro instrument. Although Schmidt et al.
[2010] found some difference in the way Picarro vapor isoto-
pic analyzers measure δD when the sample is liquid versus
vapor, no significant difference was found in δ18O. To reduce
cross-contamination between standards, each standard was
injected 15 times and isotope ratios from the last four injec-
tions were averaged to determine the final measurement. A
known concentration bias in the Picarro vapor isotopic ana-
lyzers causes the instrument to measure isotope ratios differ-
ently at both very low and very high humidity [Schmidt et al.,
2010; Tremoy et al., 2011; Aemisegger et al., 2012]. To ac-
count for this, the five waters were sampled at up to seven
mixing ratios (approximately 0.3, 0.6, 1.2, 2.4, 3.3, 6.5, and
11.9 g/kg) that were generated by controlling the amount of
liquid injected into the vaporizer.
[14] Based on the 27 resulting calibration measurements, a

locally weighted second-degree polynomial in two dimensions
was used to characterize the isotopic bias relative to the abso-
lute SMOW-SLAP scale in terms of both the isotope ratio and
water vapor mixing ratio. The locally weighted surface was
then used to predict isotopic biases for all combinations of iso-
tope ratios and vapor mixing ratios measured in the field
(Figures 2a–3a), and each field observation was corrected by
subtracting its corresponding predicted bias. Standard errors
from the prediction were used to characterize the uncertainty
associated with the correction at each measurement point
(Figures 2b–3b). At low humidity, such as observed on
Mauna Kea’s upper slopes, the isotopic bias can exceed 5.0
and 50.0 per mil in δ18O and δD, respectively. The sign of
the bias is instrument-specific and differs between the two iso-
tope ratios, a finding consistent with previous studies [Tremoy
et al., 2011; Aemisegger et al., 2012]. Simultaneously
correcting the concentration bias and performing the isotopic
calibration in this manner, rather than in the stepwise fashion
adopted by previous studies [Schmidt et al., 2010; Tremoy
et al., 2011; Aemisegger et al., 2012; Noone et al., 2013],
was considered advantageous because it better accounts for
covariation in measurement error in both humidity and isotope
ratio, while avoiding the computational burden of Monte
Carlo methods [cf. Tremoy et al., 2011; Noone et al., 2013].

Table 1. Isotope Ratio Values (per mil) of the Five Secondary
Standards Used to Calibrate the Picarro Vapor Isotopic Analyzer

Standard Origin δ18O δD

Florida �0.56 �3.75
Boulder �14.88 �113.06
West Antarctica �26.11 �204.06
Greenland �38.45 �300.74
Vostok �56.13 �427.52

Figure 1. Map of the Big Island of Hawaii (topographic
data source: Amante and Eakins [2009]). Profile starting
and ending locations and driving routes measured by
Global Positioning System (GPS) are marked as solid lines.
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Nevertheless, the resulting analysis proves insensitive to sub-
jective choices in the calibration procedure.
[15] The data set was further corrected by eliminating field

measurements likely influenced by liquid water evaporation.
These were identified by high values in either one isotope
ratio or both. Since near-surface values are not the focus of
this study, any measurements whose δD were higher than
�60.0 per mil or whose δ18O were higher than �6.0 per mil
were simply excluded from the analysis. Similarly, a handful
of extreme outliers, whose absolute deuterium excess
exceeded three standard deviations of the deuterium excess
mean (0.0 ± 17.0 per mil), were excluded. Figure 4 shows the
effect of the calibration and data quality control procedures
on the raw data. The large scatter is reduced, producing a linear
regression of δD=7.02� δ18O�18.48 (with an uncertainty on

the slope of ± 0.40 and an uncertainty on the intercept of ±
0.02). This result differs from the 8:1 relationship typical of
precipitation globally [Craig, 1961; Sharp, 2007], as expected
for tropical locations [Dansgaard, 1964].
[16] Additional biases due to day-to-day drift while measur-

ing in the field were not quantified, due to the impracticality
of operating a syringe injection system while driving on dirt
roads; however, previous studies guide our expectation for drift.
Gupta et al. [2009] found the same model Picarro instrument
drifted by only 2.0 per mil in δD—equivalent to an approximate
0.25 per mil drift in δ18O—over a four week period. Similarly,
Aemisegger et al. [2012] detected a maximum drift in δ18O of
0.5 per mil over a 14 day ambient sampling period. Therefore,
to err on the side of caution, any differences in the corrected data
less than 0.5 per mil in δ18O are not considered significant.
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Figure 2. (a) The isotopic bias for raw δ18O measurements and (b) the errors associated with the bias
characterization (per mil) plotted as a function of both the raw isotopic value (per mil) and the natural
log of the vapor mixing ratio (q) (g/kg). Contours are every 2.0 per mil in Figure 2a and 0.2 per mil in
Figure 2b. The raw data (black dots) show the range of relevant biases. Nearby calibration points are
represented by black squares in Figure 2a.
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Figure 3. (a) The isotopic bias for raw δD measurements and (b) the errors associated with the bias char-
acterization (per mil) plotted as a function of both the raw isotopic value (per mil) and the natural log of the
vapor mixing ratio (q) (g/kg). Contours are every 25 per mil in Figure 3a , with the zero line bolded, and
5 per mil in Figure 3b. The raw data (black dots) show the range of relevant biases. Nearby calibration
points are represented by black squares in Figure 3a.
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[17] Sensitivity analyses were also conducted to evaluate
the effects of instrument operating temperature and the time
rate of ambient pressure change, caused by driving up and
down the island, on the isotopic measurements. While the
effects on δ18O measurements were found to be negligible,
effects on δD boundary layer measurements were evident
for one profile. As a result, and because δD exhibits a slower
response time to ambient changes (a larger “memory effect”)
and larger relative errors with calibration [Schmidt et al.,
2010; Aemisegger et al., 2012], δ18O measurements are used
preferentially throughout the analysis.

2.3. Isotopic Models for the Convective
Boundary Layer

[18] Due to differences in the saturation vapor pressures of
heavy and light isotopologues of water [Bigeleisen, 1961],
the relationship between the isotope ratio and observed vapor
mixing ratio provides a valuable diagnostic for moisture
fluxes [Gat, 1996; He and Smith, 1999; Noone et al., 2011]
and a means to distinguish moistening and dehydrating
mechanisms [Worden et al., 2007; Noone, 2012]. When con-
ditions are unsaturated, both q and the isotope ratio are con-
served variables, and airmass mixing will cause
observations to fall along a line in δ–1/q space [e.g., He
and Smith, 1999; Noone et al., 2011]. In contrast, if an air
mass experiences a pseudoadiabatic process, in which con-
densate is immediately removed as precipitation, its δ value
follows a theoretical Rayleigh distillation [e.g., Dansgaard,
1964]. By knowing q, temperature (T), and the heavy-to-light
isotope ratio (R) at a certain height zi and preceding height
zi�1, Rayleigh distillation predicts

Ri ¼ Ri�1
qi
qi�1

� �α�1

(3)

where the subscripts i and i-1 denote two points along the up-
ward distillation trajectory. If condensation is slow and ther-
modynamically reversible, α is the equilibrium fractionation

factor, which determines the preferential removal of the
heavy isotopes from the vapor phase as a function of T. T
can be taken as the dew point temperature since q can be
assumed at saturation during condensation. Furthermore,
since all condensate is removed as precipitation, q is equiva-
lent to qT.
[19] To account for the presence of cloud within an adia-

batic plume, the Rayleigh model may be modified so that
conversion of condensate to precipitation is less than 100%
[Dansgaard, 1964; Jouzel and Merlivat, 1984; Noone,
2012]. By defining a precipitation efficiency parameter ε,
which varies from 0 if all condensate is held with the ascend-
ing vapor to 1 if all condensate is converted to precipitation,
the isotope ratio of the vapor (R) can be written for discrete
vertical points in the profile as

Ri ¼ Ri�1
qi þ α 1� εð Þ q0 � qið Þ

qi�1 þ α 1� εð Þ q0 � qi�1ð Þ
� � αε

1�α 1�εð Þ�1

(4)

(e.g., Noone [2012], equation (11)). A limitation of this
model, however, is the assumption that the vapor and liq-
uid components of an air mass are always distinct. If the
cloud liquid reevaporates at any point prior to observation
or during sampling, as we expect was the case for our
present experiment, then the isotope ratio measured will
instead reflect a mixture of vapor and cloud. A better
physical model for isotope ratio observations in the
Hawaiian mixed layer is therefore given by a total water
distillation (TWD) model:

RT ¼ Rll þ Rqð Þ= l þ qð Þ: (5)

[20] Here, l+ q= qT is the total water remaining in the air
mass after precipitation. The cloud liquid at any height is
given by l= l0+ (1�ε)(q0�q), where the subscript 0 denotes
the value at some initial point, and the isotope ratio of the
cloud (Rl) is simply a function of the equilibrium fraction-
ation factor and the vapor isotope ratio predicted by equation
(4) (i.e., Rl= αR). Note that in the case of a pseudoadiabatic
process (i.e., ε= 1 and l = 0), equation (5) reduces to RT =R
and equation (4) reduces to the Rayleigh distillation model
of equation (3).
[21] Figure 5 illustrates the expected dehydration and

depletion pathways of subtropical air masses for the differ-
ent moist convective and mixing processes described. If
mixed layer air rises pseudoadiabatically into the free tro-
posphere and all condensate immediately precipitates (i.e.,
ε = 1), the 1/q and δ values of the transition layer will
follow the dashed curve expected for Rayleigh distillation
(equation (3)). If instead some condensate is held with the
vapor in an adiabatic plume, total water isotope ratios will
decrease less rapidly. The dotted curves show expected
trajectories for air masses with precipitation efficiencies
of 0.9 and 0.7. For a fully reversible moist adiabatic
process, the total water and total water isotope ratio are
conserved. On the other hand, if airmass mixing proves
a better model for the vertical exchange of moisture
between the boundary layer and free troposphere, then
transition layer observations will form a straight line in
the δ–1/q space of the isotopic mixing diagram, similar
to the qT–θE mixing line described by Betts and
Albrecht [1987].

−40 −30 −20 −10
−350

−300

−250

−200

−150

−100
δD

 [
p

er
 m

il]

δ18O [per mil]

y=(7.02)x−18.48

Figure 4. Raw (gray) and corrected (blue) isotopic data.
The black line represents a meteoric water line with slope
8 and intercept 0. The dashed line is a simple linear regres-
sion fit to the corrected (blue) data.
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3. Results

3.1. Moisture Transport and Stratification Within the
Mixed Layer

[22] To evaluate the processes regulating vertical moisture
transport, we consider, in turn, moisture transport from the
ocean surface to the top of the mixed layer and moisture
transport from the top of the mixed layer, across the transition
layer, to the top of the convective boundary layer (CBL). Ten
vertical profiles of temperature, dew point temperature, and
δ18O are shown in Figure 6. Dew point temperature is de-
rived from the Picarro q, with hydrostatic pressure estimated
from the GPS altitude. Each profile is labeled according to its
geographic starting and ending points (HI =Hilo,
MK=Mauna Kea Visitor Information Station or Summit,
ML=Mauna Loa Observatory, WV=Waikoloa Village)
and for the day in May 2010 on which measurements were
taken. For instance, the first profile is labeled MLHI6, since
it was obtained on 6 May by driving from Mauna Loa
Observatory to Hilo, on the eastern side of the Big Island.
Arrows indicate whether the profile was measured by driving
from lower to higher elevations, and thus moist to dry condi-
tions, or vice versa. Moist adiabatic models (dashed blue
lines, Figure 6) were chosen to fit the regions below the trade
wind inversion in which temperature and dew point con-
verged to within 0.5 K, except in the cases of the WVMK7
and MKWV8 profiles, which were fit in discrete segments.
Before fitting, the data were binned using a 25 m average.
Two additional half profiles were obtained on 9 May by driv-
ing from Mauna Kea to the Saddle (MKSA9) and from the
Saddle to the Mauna Loa Observatory (SAML9).
3.1.1. Eastern Mixed Layer
[23] Mixed layer air is readily identifiable by the gradual

decrease in temperature, dew point temperature, and δ18O
with height at altitudes below the level of the trade wind

inversion; however, there are clear differences in humidity
structure between the east and west sides of the island
(Figure 6). On the east side of the island (represented by the
six Hilo profiles), a single moist adiabat describes each dew
point profile to first order (root mean square error< 1.0 K
for the 500–2000 m layers of all but the HIMK7 profile).
These findings are consistent with the expectation that easterly
trade winds force air up the orographic rise, maintaining the
profile near saturation. As a result, the east side exhibits higher
humidity, higher precipitation totals, and lush vegetation,
compared with the island’s western slopes. A notable excep-
tion is the HIMK7 profile, in which dew point sharply de-
creases near 750 m and remains drier than the model adiabat
to the Saddle at 2000 m. This discrepancy may result from
nighttime stratification, since the profile was measured in the
early hours before sunrise. Free air temperature measured by
the Hilo radiosonde, launched at 0200 Hawaii-Aleutian
Standard Time (HST), also indicates multiple weak stable
layers below the inversion, which are no longer visible in the
subsequent 1400 HST sounding (not shown).
[24] Isotopic measurements confirm the importance of

moist adiabatic processes in controlling the vertical humidity
structure of the mixed layer on the island’s east side. Except
for the MKHI7 profile, which was not modeled due to the
lack of sufficient mixed layer isotope ratio data, isotopic pro-
files are matched by TWDmodels with precipitation efficien-
cies (ε) equal to or greater than 0.7. The HIMK8 profile is
shown in Figure 7a as an example. Isotopic profiles were si-
multaneously fit above the lifting condensation level (LCL)
using equation (5) and below the LCL using a constant iso-
tope ratio. Variables allowed to vary in the fitting were the
LCL height, the δ18O value of the constant isotope ratio
layer, and the precipitation efficiency (ε) in the layer of moist
convection. The best parameters for each profile were se-
lected by reducing the root mean square error of the fit for the
500–2000 m region. This region was selected to test adiabatic
assumptions for each side of the island separately—since
above 2000 m the east and west air masses may converge
—and to avoid heavily trafficked areas near the coast.
[25] Though TWD models describe the eastern isotopic

profiles to within 0.5 per mil root mean square error over the
500–2000 m region, above the Saddle (2000 m), isotopic ob-
servations diverge from the modeled adiabatic profiles over a
short but significant vertical distance. The HIMK8 profile is a
clear example (Figure 7a). In this profile, the δ18O value in-
creases above the Saddle before returning to the predicted
adiabatic value at higher altitudes. Note that this departure
from the predicted profile is distinct from the large decrease
in δ18O that occurs at 2700 m, associated with the transition
to free tropospheric air. Instead, the layer of anomalously
high δ18O near the Saddle coincides approximately, but not
exactly, with the altitudes where the vehicle passed through
cloud (indicated by gray shading in Figures 6 and 7).
[26] The TWD model for the HIMK8 profile can be

matched to the anomalous layer (2000–2300 m) to within
0.3 per mil root mean square error if the precipitation effi-
ciency is lowered to 0.6 (Figure 7a). This finding suggests
less condensate was removed from this layer as precipitation.
Interestingly, the anomalously high δ18O signal is observed
before the vehicle enters the cloud, which suggests some of
the condensate reevaporated within the Saddle region before
the time of observation. Similar humidity “enhancements”
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Figure 5. An isotopic mixing diagram of δ18O versus the
inverse of the total water mixing ratio (qT). When mixed layer
and free tropospheric air masses mix, observations fall along
the straight (solid) line. Pseudoadiabatic processes result in
Rayleigh distillation (dashed line), while moist adiabatic pro-
cesses may follow one of the dotted lines, depending on their
precipitation efficiency (ε). In a fully reversible moist adia-
batic process (ε= 0), the total water and total water isotope
ratio are conserved.
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have been documented around isolated cumulus clouds [Lu
et al., 2003; Laird, 2005].
[27] If instead of using a TWD model, one considered a

vapor-only model (equation (4)) for the HIMK8 profile, the
predicted profile would fail to describe the 2000–2300 m
layer no matter how much the precipitation efficiency
were decreased. The yellow shading in Figure 7a shows
the possible range of vapor isotope ratios predicted by
equation (4) using the same LCL height and δ18O value
in the constant isotope ratio layer as selected for the best to-
tal water fit. To match a vapor model to the 2000–2300 m
layer would require increasing either the LCL height or its
δ18O value, implying the anomalous air mass had lifted
moist adiabatically at a different time or at a different loca-
tion than the rest of the mixed layer profile. While these
scenarios are certainly possible, the fact that air masses
above, below, and within the anomalous layer can be
explained by changing only the precipitation efficiency of
the TWD model lends favor to the hypothesis that cloud
reevaporation humidified the Saddle region.

[28] Thermodynamic boundaries within the HIMK8 pro-
file can be assessed more readily by combining the δ18O
and q characteristics of the mixed layer in a δ18O–1/q isoto-
pic mixing diagram. The orange data points in Figure 8a,
which correspond to the boxed section of the atmospheric
profile shown in Figure 7a, suggest condensate reevaporation
affects a deeper layer than Figure 7 indicates. The essential
difference between these representations is that Figure 8
compares the adiabatic model with the isotope ratio and
mixing ratio observations simultaneously, offering a more
robust diagnostic of the water cycle histories of air masses
than the isotope ratio alone.
3.1.2. Western Mixed Layer
[29] Because rainfall on the Big Island is chiefly controlled

by orographic uplift and regional wind flow is predominantly
easterly [Price and Pales, 1963], the mixed layer on the west
side (theWaikoloa Village side) is climatologically drier than
the mixed layer on the east side. As a result, western dew
point temperature profiles from the May 2010 campaign
exhibit greater stratification than the eastern profiles
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Figure 6. The first 10 profiles with temperature (red), dew point temperature (blue), and δ18O (black)
shown as a function of height. Modeled moist adiabats are shown as dashed blue lines. Arrows indicate
the direction of profiling, and gray shading indicates regions where the vehicle passed through cloud or
rain. The elevation of the Saddle (2000 m) is marked by the dashed black line. Profiles obtained from
the island’s dry west side are starred. Each profile is labeled according to its geographic starting and ending
points (HI =Hilo, MK=Mauna Kea Visitor Information Station or Summit, ML=Mauna Loa Observatory,
WV=Waikoloa Village) and for the day in May 2010 on which measurements were taken. For instance,
the first profile is labeled MLHI6 because it was taken while driving from Mauna Loa Observatory to
Hilo on 6 May. Each profile is also labeled with the time at which sampling began (profiles took approxi-
mately 2 hours to complete).
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(Figure 6). Stable stratification is particularly evident in the
early morning MKWV7 profile, whose dew point tempera-
ture, ambient temperature, and δ18O all decrease significantly
in the layer below the Saddle. Although stratification persists
and relative humidity remains low in mid-morning profiles
WVMK7 and MKWV8, their dew point temperatures follow
moist adiabatic lapse rates within discrete stable layers.
(Figure 7b shows this in greater detail for the MKWV8 pro-
file.) Such observations indicate a recent history of condensa-
tion and perhaps point to the east side as the origin of these air
masses. Indeed, wind fields around the Big Island provide a
possible explanation for how eastern air masses may be

transported to the west side: while the easterly trade winds
split around the mountain barrier [Leopold, 1949; Garrett,
1980], turbulent vortices on the lee side cause easterly
flowing air to reverse direction back toward the western coast
[Yang et al., 2008]. Furthermore, air masses that lose some
condensate through precipitation—whether on the “rainy”
east side or in another saturated environment—should pre-
serve their adiabatic signature as they advect into the warmer,
drier environment of the island’s west coast, so long as they
are not turbulently mixed. The western observations thus
clearly show that moist convection influences the humidity
structure of even the unsaturated regions of the mixed layer.
[30] Differences in aerosol size distributions between the

east and west sides of the island further support the idea that
moist convection sets the humidity structure of the west side.
When a cloud evaporates, aerosol particle sizes should
increase if droplets have been processed within the cloud, for
example by coalescence [Hoppel et al., 1986]. While aerosol
number size distributions in the eastern mixed layer were al-
ways unimodal (within the detectable 55–1000 nm size range)
with mean number diameters of ~130 nm (Figure 9), size dis-
tributions on the west side were frequently bi- or trimodal,
exhibiting a pronounced mode at larger diameters (mean num-
ber diameters of ~300 nm) (Figure 9c). (Note that the mea-
sured aerosol diameters are distinctly larger than the marine
boundary layer aerosol reported byHoppel et al. [1986] in part
because the aerosols were not dried prior to sampling by the
UHSAS.) In theMKWV8 profile, for instance, the aerosol size
distribution shows the pronounced 300 nm mode (blue
shading, Figure 9c) where the isotopic profile is moist
adiabatic (1450–1950 m, blue box, Figure 7b)—a finding con-
sistent with the supposition that cloud droplets had coalesced
before evaporating prior to observation—but is unimodal
(green shading, Figure 9b) where the constant isotope
ratio with height indicates the boundary layer is fully mixed
(800–1450 m, green box, Figure 7b). The δ18O–1/q mixing
diagram, shown in Figure 8b, confirms that these adjacent
sections of the profile are indeed distinct air masses.
[31] Once wind speed and dry turbulent mixing increased

during the afternoon of 8 May, the partly stratified

Figure 7. Isotope ratio profiles (solid black) with 1-σ enve-
lope (solid gray) from three distinct profiles on 8 May: (a)
HIMK8, (b) MKWV8, and (c) WVMK8. The best fit
total water distillation models (dashed black) for the 500–
2000 m layer (bounded by dotted lines) are shown with their
precipitation efficiencies (ε). Dew point profiles (solid blue)
and moist adiabatic models (light blue dashed) are also
shown for reference. Regions where the vehicle drove
through cloud are shaded light gray. Yellow shading in
Figure 7a indicates the range of possible vapor-only models.
The boxed regions are discussed in the text.
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Figure 8. Isotopic mixing diagrams of the three mixed layer profiles shown in Figure 7: (a) HIMK8, (b)
MKWV8, and (c)WVMK8. In-cloud observations are shaded light gray. Orange, green, blue, and red shad-
ing correspond to the boxed sections of Figure 7. Modified distillation models with different precipitation
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MKWV8 profile was replaced by a constant isotopic profile
(WVMK8, Figure 7c) and the disparate air masses
highlighted on the isotopic mixing diagram were replaced
by a single cluster of points (Figure 8c). Similarly, a
unimodal aerosol size distribution was observed along the
length of the mixed layer profile, including where a multi-
modal distribution had existed earlier (Figure 9d). These re-
sults suggest that because paired humidity and isotope ratio
measurements distinguish atmospheric layers shaped by dif-
ferent moist convective and turbulent mixing processes, they
can provide physical explanations for changes in aerosol ob-
served. They also imply cloud reevaporation and dry turbu-
lent mixing can influence the humidity and isotopic
composition of the base of the transition layer. A traditional
Rayleigh model is therefore insufficient for characterizing
moisture transport from the ocean surface to the top of the
Hawaiian mixed layer; it cannot account for the discrete re-
gions of airmass mixing observed.

3.2. Airmass Mixing Within the Transition Layer

[32] Having established several mechanisms that influence
the humidity and isotopic composition of the mixed layer, we
now turn to evaluating the interaction between the mixed
layer and free troposphere. Above the trade wind temperature
inversion, the Hawaii dew point profiles clearly diverge from
the moist adiabatic lapse rate and stabilize at very low values
near the Mauna Kea summit (~4200 m) (Figure 6). If moist
convection were the dominant process transporting moisture
above the inversion and into the lower free troposphere, the
dew point temperature and δ18O should track the modeled
moist adiabats and modified distillation models through the
transition layer. Instead, both humidity and δ18O decline
much more rapidly, as one might expect when mixing with
very dry and depleted free tropospheric air occurs.
[33] To test whether mixing is indeed the best model for

moisture exchange between the boundary layer and free

troposphere, the isotope ratio is plotted against the inverse
of the vapor mixing ratio, and straight-line segments are
identified. Figure 10 shows observations from nine of the first
10 profiles plotted on such an isotopic mixing diagram. The
HIMK7 profile is excluded due to extensive inlet wetting
when the vehicle passed through cloud.
[34] Contrary to expectation, in most profiles, the region

between the top of the mixed layer and the Mauna Kea sum-
mit (i.e., the driest and most depleted free tropospheric obser-
vations) is not well described by a single mixing line. Instead,
the data are often characterized by bent-line structures,
composed of multiple, adjoining straight-line segments.
The approximate boundary between these segments is
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marked by a solid black line in Figure 10; however, the exact
location is profile-dependent.
[35] Straight-line segments to the left of the black line, in

the region linking the top of the mixed layer with the free tro-
pospheric air above the trade wind temperature inversion, are
well described by simple linear regressions that are signifi-
cant at the 0.01 level (Table 2). (Observations from the top
of the mixed layer were not included in the regressions to
avoid inflating the r2 values.) Such high coefficients of deter-
mination confirm that mixing is a suitable model for vertical
moisture exchange across the transition layer. In contrast, the
line segments to the right of the black line are not as well
defined since they appear to represent vertical layering of free
tropospheric air masses. Aerosol number size distributions
provide supporting evidence. Within the transition layer,
aerosol number size distributions span large ranges in num-
ber concentration, as might be expected with dilution or
mixing (Figure 11). Above the transition layer (to the right
of the black line), aerosol populations appear distinct and
undiluted, as would be expected for distinct free tropospheric
air masses.
[36] Importantly, the isotopic mixing diagram shows that

when the atmospheric profile above the mixed layer is charac-
terized by a bent-line structure, the air at the top of the transition
layer—the top of the CBL—is not the same air mass as that

observed at the Mauna Kea summit. Variations in the vapor
mixing ratio and δ18O of these distinct air masses reflect the di-
verse processes that regulate their thermodynamic properties.

3.3. Processes Influencing the Moisture Properties
at CBL Top

[37] Over the course of the four day field campaign, the
free tropospheric air near the Mauna Kea summit experi-
enced large relative changes in humidity and isotope ratio.
On hourly time scales, local vertical motions may have
influenced the q and δ18O properties of this air mass. Close
inspection of consecutive profiles HIMK8, MKWV8,
WVMK8, and MKHI8, for instance, suggests variations in
the summit air mass (isotopic range: �45.5 to �34.8 per mil)
aligned with a single vertical mixing line whose moist end-
member was the subtropical mixed layer (Figure 10). On
daily time scales, however, q–δ18O variability did not follow
the same mixing pattern. Nor was it consistent with modified
distillation expected during moist convection (refer to
Figure 5). Instead, large variations along the x axis in the iso-
topic mixing diagram (Figure 10) point to a probable role for
large-scale transport, which previous studies have argued
controls the isotopic composition of the free troposphere
near Hawaii to first order [Galewsky et al., 2007; Noone
et al., 2011; Hurley et al., 2012].
[38] Notably, the large variations in q and δ18O near the

Mauna Kea summit had little effect on the air mass at CBL
top. Variability in the latter was instead narrowly confined
to the mixing line that defines the Hawaii transition layer, a
behavior that suggests vertical mixing with the boundary
layer influenced the q and δ18O properties of this air mass.
The MKWV7 profile, for example, is the last profile in
Figure 10 to exhibit a single straight-line structure. During
subsequent profiles, the CBL top simply moves up and down
the original MKWV7 mixing line, even as variations in air
masses at higher elevation cause the “bend” to form on the iso-
topic mixing diagram. These findings suggest entrainment-

Table 2. Coefficients of Determination (r2) and Number of Points
(n) Used in Regressing the δ18O on 1/q for the Transition Layers
of the Bent-Line Profiles Shown in Figure 10

Profile r2 n

MKHI7 0.91 23
HIMK8 0.98 149
MKWV8 0.96 203
WVMK8 - - - 0
MKHI8 0.96 21
HIMK9 0.81 123
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Figure 11. Aerosol number size distributions with five bin smoothing representing the transition layer
(black) and free troposphere above (blue) for profiles (a) HIMK8, (b) MKWV8, (C) WVMK8, and (d)
HIMK9.
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mixing on 7May set the q–δ18O composition of the air mass at
CBL top, which then persisted as a residual layer through the
morning of 9 May. While vertical mixing remained weak
during this period, the boundary layer would have entrained
air from the residual layer rather than from the free troposphere
above. Entrainment feedbacks on surface moisture and heat
fluxes would have thus occurred in isolation of the free tropo-
spheric changes driven by large-scale transport.
[39] The development of strong convective mixing on 9

May eliminated evidence of the residual layer in the
MKSA9 profile by resetting the thermodynamic structure of
the transition layer. Figure 12 compares the MKSA9 profile
(transition layer observed ~1000 HST) with the preceding
HIMK9 profile (transition layer observed ~0830 HST); the
MKSA9 profile shows a clear deepening of the transition
layer by a full kilometer (Figure 12a). All observations above
the mixed layer shift from a bent line to a straight line on the
isotopic mixing diagram, and clustering of these points near
the moist end-member indicates dramatic humidification
and enrichment of the upper slopes of Mauna Kea
(Figure 12b). Changes in aerosol number size distributions
are also consistent with stronger mixing and transition layer
deepening (Figure 12c). During the early morning ascent of
Mauna Kea (HIMK9), aerosol within the 2500–3700 m layer
of the atmosphere was characterized by two largely distinct
populations. By the time of the return trip down the mountain
(MKSA9), a single gradient in number concentration was
observed across this same vertical range.
[40] Changes in wind profiles provide a possible physical

explanation for the stronger mixing indicated by the isotope
and aerosol data. The trade wind temperature inversion

typically limits convective activity on Hawaii’s east side
[Price and Pales, 1963; Garrett, 1980]; however, Noone
et al. [2011] observed strong convective activity when re-
gional winds shifted to southwesterly. Upper air radiosondes
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from Hilo show a clear westerly shift in the upper level wind
direction on 9 May (Figure 13), which may have facilitated
convective development throughout the morning. Though
one coincident observation of a well-developed transition
layer and a shift in upper level winds cannot test causality be-
tween regional windflow and local convection, it neverthe-
less suggests future work should consider the effect of
large-scale conditions in shaping entrainment-mixing and in
setting the moisture properties of the residual layer that forms
at CBL top.

4. Discussion

[41] Betts and Albrecht [1987] suggested the dry air mass
at CBL top was critical in determining the thermodynamic
structure of mixing between the boundary layer and free tro-
posphere. Our study affirms this hypothesis and also suggests
the mixing process, in turn, influences the moisture proper-
ties of CBL top. In the MKWV7 and MKSA9 profiles, a sin-
gle mixing line in δ18O–1/q space was observed to link the
top of the mixed layer with the free tropospheric air near
Mauna Kea. The slope of the CBL mixing line was therefore
directly influenced by the isotopic composition of Hawaii’s
free troposphere (Figure 14a), which previous studies sug-
gest is controlled to first order by large-scale transport
[Galewsky et al., 2007; Noone et al., 2011; Hurley et al.,
2012]. In contrast, beginning with the WVMK7 profile and
lasting until the HIMK9 profile, the top of the CBL was
capped by a residual layer, whose isotopic composition had
been influenced by previous mixing with the boundary layer
(Figure 14b). These results imply that moisture properties at
the top of the Hawaiian CBL can be set either by large-scale
free tropospheric transport or by vertical mixing initiated by
boundary layer convection. Assumptions that large-scale
transport alone is responsible for the low humidity of the sub-
tropical atmosphere clearly fail to account for the possible
role of local vertical processes in moistening the climatically
important free troposphere.
[42] Whether or not residual layers cap the CBL appears to

depend on the strength of entrainment-mixing. In the
MKSA9 profile, strong convection caused a deep entrain-
ment zone to develop, linking the top of the mixed layer with

the free tropospheric air near the island’s summit. As all ev-
idence of the residual layer vanished, upper level winds con-
currently shifted direction, suggesting a possible connection
between free tropospheric dynamics and the strength of
convection. Indeed, such a correlation is well supported by
previous studies. While the trade wind inversion regulates
convective strength on the Big Island [Price and Pales,
1963; Garrett, 1980], Cao et al. [2007] showed that synoptic
conditions regulate the inversion. Mendonca [1969] further
showed that stronger trade winds favor stronger convection
on Hawaii. Yet it remains unclear whether changes in
large-scale wind patterns are central to climatological mois-
ture transport across the inversion layer. For this reason, test-
ing the sensitivity of convective mixing to free tropospheric
dynamics using a longer isotopic observational data set
would be an important direction for future study.
[43] There are two principle reasons isotopic “tracers” suc-

cessfully track entrainment-mixing: their dynamic range at
low humidity and their lifetime. The former makes it possible
to differentiate air masses that have undergone unique dehy-
dration histories despite being indistinguishable in terms of
their vapor mixing ratios. On 8 May, for instance, there were
times when the vapor mixing ratio at the top of the CBL was
nearly identical to the vapor mixing ratio of the free tropo-
spheric air near the Mauna Kea summit (Figure 10). Only
in considering the isotope ratio was the CBL top identified
as a distinct residual layer. Detection of this residual layer
was also possible because vapor isotope ratios are conserved
in the free troposphere unless altered by convective mixing or
large-scale transport, precisely the processes expected to
break up residual layers. Were isotope ratios characterized
by a much longer time scale, the CBL top would tend toward
a uniform δ18O value. A shorter time scale and the isotopic
signature of the residual layer would not persist from one day
to the next.
[44] In addition to characterizing the dry air mass at CBL

top, isotope ratios provide valuable information about the
processes that shape the moist air mass at the base of the tran-
sition layer. Using a total water distillation (TWD) model (in
which the amount of condensate converted to precipitation is
allowed to vary), adiabatic processes with different precipita-
tion efficiencies were identified below the trade wind

Figure 14. Two possible representations of the lower atmosphere near Hawaii (not to scale). (a) The con-
vective boundary layer (CBL) entrains air directly from the free troposphere, producing a single straight
line on an isotopic mixing diagram (see Figures 5 and 10). (b) When convective mixing is not as strong,
the CBL entrains air from a residual layer formed during previous boundary layer growth. Weaker mixing,
combined with free tropospheric advection, produces a bent-line structure on an isotopic mixing diagram.
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temperature inversion. Interestingly, a single ε value was not
always sufficient for describing adjacent sections of the same
profile. In the HIMK8 mixed layer profile, for instance, adja-
cent layers were described by two distinct adiabatic models,
with the lower precipitation efficiency model (ε=0.6)
matching the layer in which cloud reevaporation had likely oc-
curred (Figure 8a). Although ε =0.6 produced the best fit for
this layer, a model with ε=0.7 would have also produced a
root mean square error less than 0.3 per mil. To distinguish
amongst such models statistically, it will be necessary to re-
duce uncertainties in vapor isotope ratio measurements below
0.5 per mil. Fortunately, rapid advancement in commercial
isotope ratio measurement technologies has already resulted
in substantial improvements in measurement precision.
[45] One important remaining consideration is whether re-

sults from Hawaii may be extrapolated to the subtropics gen-
erally. Undoubtedly, radiative heating of the land during the
day enhances convective development on the island com-
pared to the neighboring open ocean. Mechanical lifting
may also cause air masses to slide upslope, creating an appar-
ent CBL deepening due to the fact that ground-based mea-
surements do not follow a truly vertical axis. For example,
this study’s in situ measurements identified the sharp changes
in vapor mixing ratio and ambient temperature that mark the
trade wind inversion as occurring at higher altitudes than free
atmospheric measurements made by radiosonde indicate.
Mendonca and Iwaoka [1969] found similar height differ-
ences between their on-island ground-based temperature
measurements and off-island balloon soundings. Yet because
such discrepancies primarily affect the absolute depths of the
CBL and its transition layer, they are not necessarily relevant
to the objectives of this study. Rather, the idea that vertical
mixing processes observed on Hawaii are representative of
the subtropics generally is demonstrated by the qualitative
similarities between this work and the work of Betts and
Albrecht [1987], whose data set applies much more broadly
to the tropical/subtropical region. In both studies, the transi-
tion layer near CBL top is characterized as a mixing line
linking two distinct humidity regimes: the ocean-moistened
mixed layer and the dehydrated free troposphere.

5. Conclusion

[46] This study has used stable isotope ratios in water to in-
vestigate processes that facilitate moisture transport from the
ocean surface into the lower free troposphere near the Big
Island of Hawaii. Below the trade wind temperature inversion,
daytime isotopic profiles on the island’s east side were always
consistent with a moist adiabatic model of convection.
Western profiles, in comparison, exhibited a range of stratifi-
cation that varied daily, as well as evidence of dry turbulent
mixing. Isotope ratios helped distinguish the influence of
cloud processes and mixing on water vapor within the CBL,
providing physical explanations for the dramatic differences
in aerosol number size distributions observed.Moreover, since
accounting for cloud condensate reevaporation was important
for explaining the isotope ratios measured near the top of
the mixed layer, Rayleigh distillation proved inadequate
for describing moisture transport within the Hawaiian bound-
ary layer.
[47] In contrast, moisture transport between the boundary

layer and free troposphere was best characterized by a

vertical mixing model, whose solution plots as a straight line
in the δ18O–1/q space of an isotopic mixing diagram.
Deviations from the straight-line fit identified boundaries in
the thermodynamic structure of the atmospheric profiles,
marking, for example, residual layers that had formed during
previous mixing events. Such residual layers capped the CBL
in more than half the profiles sampled. During these periods,
basic assumptions that synoptic-scale transport controls the
air mass at CBL top were not sufficient for characterizing
the vertical exchange of moisture in the lower subtropical at-
mosphere. Instead, it was the residual layer that shaped the
mixing-line structure of the transition layer. Since strong
mixing events likely set the residual layers that influence ver-
tical mixing for multiple days at a time, understanding the
factors that control the strength of convection is an important
next step for predicting changes in vertical moisture transport
between the subtropical boundary layer and free troposphere.
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